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Abstract 

The  problem  of  the  propeigation  of  electromsignetic  waves  by  a  magnetic 
line  dipole  sovirce  located  at  the  comer  of  a  right  angled  wedge  is  considered. 
It  is  assumed  that  an  impedance  or  mixed  boimdary  condition  is  prescribed  on 
one  of  the  wedge  surfaces  and  that  a  homogeneous  boundary  condition  is 
prescribed  on  the  other.  The  in^ dance  boxindary  condition  is  such  that 
svirface  waves  are  generated.  The  aniplitude  of  the  surface  wave  generated  is 
determined.  A  cooiparison  is  made  between  the  magnitude  of  the  surface  wave 
for  this  problem  and  that  of  a  magnetic- line  dipole  source  located  at  the 

comer  of  a  right  angled  wedge  with  the  same  impedance  boimdary  condition 

» 
prescribed  on  both  surfaces.  The  far  field  aarplltude  of  the  radiated 

electromagnetic  field  is  also  given  as  an  elementary  function  of  the  angle 

of  observation. 
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1.   Introduction 

The  problem  of  the  propagation  of  electromagnetic  waves  produced  by 
a  magnetic  line  dipole  sovirce  located  at  the  comer  of  a  right  angled 
vedge  is  considered.  It  is  assumed  that  an  inipedance  or  mixed  boundary 
condition  is  prescribed  on  one  of  the  wedge  siirfaces  and  that  a  homogeneous 
boundary  condition  is  prescribed  on  the  other.  The  impedance  bottndary 
condition  is  such  that  surface  waves  are  generated.  The  amplitude  of  the 
STorface  wave  is  determined.  A  comparison  is  made  between  the  magnitude 
of  the  surface  wave  for  this  problem  and  that  of  a  magnetic-line  dipole 
source  located  at  the  comer  of  a  right  angled  wedge  with  the  same 

impedance  boundary  condition  prescribed  on  both  svirfaces.  The  latter 

(■3] 
problem  has  eilready  been  treated  by  the  authors.  (See  Karp  and  Karal '■'^-' . ) 

The  comparison  of  the  surface  waves  for  the  two  different  configurations 

is  made  on  the  etssimptlon  that  the  sources  have  the  same  strength.  The 

far  field  representation  of  the  radiated  electromagnetic  field  is  also 

given. 

The  impedance  boundary  condition  prescribed  in  the  present  problem 

is  of  the  fozn 


(1.1)  i  g  -  Xu  =  0  ,         0  =  a 


where  u  is  the  z  ccorponent  of  the  magnetic  vector,   r  and  9  are  the  usual 
polar  coordinates,  a  is  the  wedge  angle,   and  X  is  a  constant  characteristic 
of  the  siirfiace.     The  valxoe  of  X  is  given  by 

(1.2)  X  =  +ia>eZ  =  +ia)€(R  -  iX) 

where  e  is  the  permittivity  of  free  space,  oo  is  the  angular  frequency  and  Z, 
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R  and  X  are  the  impedance,  resistance  and  reactance  of  the  surface,  jrespectively. 
It  is  veil  known  that  for  homogeneoris  media  of  large  finite  conductivity, 
R  and  X  are  positive  in  sign,  small  in  magnitude  and  approximately  equal. 
For  corrugated  or  dielectric- coated  surfaces,  R  and  X  are  positive  in  sign 
and  R  is  much  smaller  than  X.  Hence  X  is  positive  in  either  case  and 
equation  (1.2)  implies  that 

(1.5)      ReX  >  0  . 

For  illustrations  of  these  boundary  conditions  see  the  Introduction  of 
Reference  [3]  and  [7J  where  the  appropriate  references  are  cited.  The  condition 
R  «  X  is  of  course  the  most  important  special  ca^e  insofar  as  surface 
waves  are  concerned. 

The  problem  we  treat  is  not  separable  because  of  the  mixed  boundary 
conditions.  This  difficulty  can  be  overcome  by  the  introduction  of  an 
aiixLliary  function  which  is  a  linear  combination  of  the  magnetic- field  and 
its  cartesian  derivatives.  The  auxiliary  function  is  chosen  in  such  a  way 
that  it  satisfies  the  wave  equation  and  simple  homogeneous  boundary 
conditions.  Once  the  auxiliary  function  is  obtained,  the  originsLI  field 
can  be  determined  by  solving  a  partial  differential  equation.  This  idea  is 
due  to  Stoker  L  -I  and  Lewy'-  ■'  who  studied  problems  in  water  wave  theory. 
Similar  ideas  have  been  employed  by  the  authors  in  the  solution  of  diffraction 
problems  arising  in  electromagnetic  theory.  See  [l]   [2],  [3]  and  [7], 

Section  2  contains  the  exact  solution  of  the  problem  stated  in  the 
preceding  paragraphs.  The  limiting  cases  of  smftll  and  large  x/k  are 
studied  and  sinrplified  ejcpressions  for  the  surface  waves  in  both  cases  are 
given.  A  comparison  between  these  results  and  those  obtained  in  the  problem 
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cf  a  line  source  located  at  the  tip  of  a  right  angled  wedge  with  the  same 

impedance  boundary  condition  prescribed  on  both  surfaces  is  made.  In  Section 

3  we  discuss  the  radiated  far  field  and  obtain  simple  expressions  for  arbitrary 
values  of  X. 


-  4 


2.   Solution 

Consider  the  right  angled  vedge  y  =  0,  x  >  0  and  x  =  0,  y  <  0,  and 
Bvcppose   there  is  a  magnetic- line  dipole  located  at  the  origin  x  =  0,  y  =  0. 
(See  Figure  1. )  The  boimdary  conditions  on  the  surface  are  given  by 


(2.1) 


< 


^ 

^ 
^ 


=  0 


Xu  =  0 


y  =  0,  X  >  0 
X  =  0,  y  <  0 


where  u  is  the  magnetic  vector  H  and  X  is  a  constant  related  to  the 
material  comprising  the  surface.  We  wish  to  solve  the  time  reduced 
Maxwell's  equations,  subject  to  the  prescribed  conditions,  and  obtain  the 
aniplitude  of  the  surface  wave  propagated  on  the  surface  x  =  0,  y  <  0. 
The  time  dependent  form  of  Maxwell's  equations  is 


(2.2) 


curl  H  =  -iojeE 
curl  E  =  ioxiH 


where  E  and  H  are  the  electric  and  magnetic  field  intensities,  and  e  and 
u  are  the  permittivity  and  magnetic  penneability  o'f  free  space.  We  assvmie 
the  time  dependence  to  be  of  the  form  e"   .  Becaiise  of  the  geometry,  the 
field  produced  is  independent  of  z  and  hence  the  field  is  conipletely 
determined  by  the  value  of  H  .  We  have 


(2.3) 


H     =  H     =  E     =  0 
X         y         z 


and 


(2.U) 


E     = 


E     =  + 


1         z 
icue  dy 

1         z 


icne 


ST 
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Line  Dipole  Source 


Perfect  Conductor 
(Homogeneous  Boundary 
Condition) 


Impedance    Boundary 
Condition   Prescribed  on 
Wedge  Surface 


FIGURE  I 


The   field  component  H  5  u  satisfies  the  equation 


(2.5) 


(^  +  k^)u  =  -  4K6(x-0)5(y-0) 


where  V^  is  the  rectangular  Laplacian,  k  is  the  propagation  constant  of  free 
space  and  6  is  the  Dirac  delta  function.  Therefore,  the  mathematical  problem 
reduces  to  that  of  solving  the  inhomogeneous  wave  equation  (2.5)  subject  to 
the  boundary  conditions  given  by  (2.1).  In  addition  to  the  prescribed 
boxindaiy  conditions,  we  require  that  the  far  field  be  outgoing  and  that  the 
total  magnetic  field,  excluding  the  somrce,  be  finite  everywhere. 
Let  us  make  the  substitution 


(2.6) 


V  =  ^  -  Xu  . 


Then  v  satisfies  the  following  equation: 

(2.7)       (^  +  k^)v  =  0     ,   x^  +  y^  ^=  0  , 


0<9<^  , 


subject  to  the  siii5)le  conditions 

^  =  ^  y  =  0     ,  x>0 


'    (1)     ^  =  0 


(2.8) 


(2)      V  =  0 


X  =  0     ,  y  <  0 


(5)  Oxitgbing  waves  at  infinity. 
If  the  problem  for  v  can  be  solved,  then  we  can  obtain  the  solution  for  the 
problem  involving  u  since  (2.6)  can  be  integrated. 
A  particular  solution  of  (2.6)  is 


(2.9) 


u  (x,y)  =  -e 


Xx 


/: 


e-^^(l,y)d|  . 
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The  range  of  integration  is  dictated  by  the  condition  that  Re  X  >  0.  It 
is  important  to  point  out  that  the  function  v  does  not  have  to  he  finite 
at  the  origin.  Thtas  ve  should  first  introduce  all  radiating  solutions,  no 
matter  how  singular  at  the  origin,  that  satisfy  the  appropriate  botmdary 
conditions  for  v.  Out  of  this  class  of  solutions  we  finally  select  only 
those  that  yield  an  everywhere  finite  value  of  the  total  magnetic- field 
(excluding  the  source)  in  the  original  physical  problem  involving  u.  By 
employing  the  msthod  of  sepaj^-tion  of  variables,  we  find  that  the  most 
general  representation  for  v  which  satisfies  conditions  (2.8)  is  of  the 
form  ^  a  H>ri  w  (kr)cosr(2n+l)/3je,  where  n  is  an  integer  and  H/^^^j^v /,(kr) 
is  a  Hankel  function  of  the  first  kind  of  order  (2n+l)/5.  Since  v 
cannot  be  too  singular,  the  only  admissible  functions  of  this  class  are 

(2.10)     v(x,y)  =  c^H[-'-^(kr)cos  ©  +  c^Hj^y^(kr)cos  |  . 

The  above  expression  for  v  is  a  wave  function,  defined,  by  means  of  (2.7) » 
in  the  angular  sector  0  <  6  <  p  •  We  note,  however,  that  we  can  extend  the 
range  of  definition  of  v  to  include  the  angular  sector  0  <  ©  <  2rt  by  means 
of  the  reflection  principle  since  v  vanishes  on  the  negative  y-axis. 
This  extension  is  necessary  since  the  range  of  integration  of  the  particular 
solution  (2.9)  extends  into  the  fovirth  quadrant  for  negative  valxies  of  y. 
Using  this  extended  definition  of  v,  the  particular  solution  (2.9)  becomes 

OD 


(2.11)   ap(x,y)  =  -e^ 


J   e"^^  .  c^H[-'-^kr)cos  ©  +  (i^h)sx)coB  |l 

XV  J 


dl 


The  above  result,  though  well  defined,  does  not  satisfy  all  the  conditions 
of  the  problem  since  it  is  not  regular  across  the  line  y  =  0,  x  <  0.  This 
difficulty  can  be  overcome  by  adding  a  complementary  solution,  u  say,  of  the 
inhomogeneous  eqtiation  (2.6)  to  (2.11).  We  then  obtain  the  representation 
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(2.12)     u(x,y)  = 


X 


=2^ 


iVk"2.2 


Xx-i  Vk  +X' 


,  y  <  0 
.  y  >  0 


/~2  2  I 

vhere  r  =  yS  +y  >  ©  =  arctan  —  and  0  <  0  <  2jt.  The  complementary  solution 

u  ,  .which  is  indicated  in  square  brackets  in  (2.12), is  obviously  not  a  wave 

fvmction  since  it  is  discontinuous  across  the  line  y  =  0.  However,  althovigh 

each  solution  separately  is  discontinuous  together  with  its  y-derivative 

along  the  negative  x-axis,  the  solution  u  =  u  +  u  of  (2.12)  must  be 

P    ^ 

regular  there.  From  this  fact  we  can  derive  two  relations  between  the 


constants  c  ,  c  and  c  by  calculating  the  dlscontinxiities  of  u  and 


^ 


'o'  "1  ""^^  "2  "•'  °  '^ 

across  the  negative  x-axis  and  setting  the  discontinuities  equal  to 

zero.  These  calculations  completely  solve  the  problem  because  the  constant 

c  is  related  to  the  source  strength  and  is  known.  Hence  there  are  a 
o 

sufficient  nvmiber  of  equations  to  determine  all  of  the  unknown  constants. 
We  note  that  the  form  of  the  term  in  brackets  in  (2.12)  is  that  of  a  siirface 
wave  with  an  amplitude  given  by  c  . 

Before  proceeding  to  the  calc\ilation  of  the  discontinuities  and  the  value 

of  the  constants  c.  and  c_,  we  first  simplify  the  expression  for  u  and  then 

du 
determine  -r-.  By  using  the  relation 


(2.15)     I-  H^^^kr)  =  -kH^^^(kr)cos  9 


^  o 


and  integrating  by  psirts,    (2.12)  becomes 
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(2.11^)    u(x,y)  =  -  ^ 


o  ^   ' 


00 


^  (    ^-M„(l) 


e  -^H^"'(kr)d| 


-  V 


Xx 


e"^^Hiy(kr)cos  |d|  + 


^1/5 


^2.^2 


Xx-i  /k  +X      ^  ^ 
c_e     "      ,  y  <  0 


,    y  >  0 


At  this  stsige  we  can  determine  c  since  we  recognize  the  Heuokel  function 
H   (kr)  as  being  the  Green's  function  for  a  line  soxirce.  The  solution  of 
(2.5)  for  a  simple  point  source  located  at  the  origin  is  given  by  the 
well-known  result 

(2.15)     G(r,0;0,0)  =  inH^"'-'(kr)   . 

Hence  the  proper  normalization  for  a  point  source  is  obtained  provided  we  let 


(2.16) 


c  =  -ink  . 
o 


We  next  determine  ^  .  We  have 
(2.17)  V^(^,-!r)   =.  ^  (:c,y)  -  -  ^ 


%  -i^'t''^' 


00 


-  Xe 


Xx 


-X|  S 


H^^^kr) 


.  d| 


Xxf 
-  V  J 


00 


4^)(kr)cos  I 


d6 


,i  v/P^  e^-^  ^^^  y       ,  y  < 


0 

>  y  >  0 


where  we  have  taken  the  derivative  inside  the  integral  sign.  By  using  the 
following  relations 


(2.18)      ^  H^^^(kr)  =  -  kH[^^(kr)sin  © 


(2-^9)    ||4))(^)-I[-I^'4/V^^^^I 


and  integrating  by  parts  we  obtain 


x(l) 


00 


Xx 


■HM), 


(2.20)         u  (x,y)   =  -  ^  J-  kHj^-^Hkr)sin  9  +  kXe  e"^H^^(kr)sln  0d|  , 


+  c 


l4/V>=^°  I 


CD 


c^Xe 


Xx   f         -X|„(l),,     X    .     ©   ,- 
e     ='H£/'(kr)8in  -  d| 


•c^ke  ^  e 


00 


'.^  e-«B(}>(l^)=l,fdl* 


.  /TTi     Xx-iy/ic+X^  y 
i/k  +X     e         '  ', 


y<0 


It  was  noted  earlier  that  the  constants  c^  and  Cp  can  be  determined  by 
requiring  that  u  and  its  derivatives  be  continuoxis  throughout  the  region  of 
physical  space  (O  <  ©  <  ^) .  This  is  equivalent  to  calculating  the 
discontintiitles  of  u  and  -r-  across  the  negative  x-axis  and  setting  the 
discontinuities  equal  to  zero.  Hence  for  u(x,y)  to  be  a  wave  function,  we 
require  that  the  following  jvnnp  conditions  be  satisfied: 


(2.21) 


(I)   [u]  =  , 


(II)  [^y]^  \ 


u(x,0'^)  -  u(x,0')l  =  0   ,  X  <  0 


Uy(x,0'^)  -  Uy(x,0") 


.  =  0  ,  X  <  0  . 


The  first  jump  condition  yields  immediately 


(2.22) 


=  -  I  c,  I^.  (k,X) 
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vhere  we  have  used  the  notation 

(2.25)  Vk,X)   =  J        e-^^H^l)(kU|)d|    . 


We  note  that 


(2.21.)     i(ic,x)   =  -i 


■ii 


Sin  vn 


^v42-2 


k    VX  +k 


-iv^ 


e"   \  /?^  -  X)^  e\/j:^  .X)' 


where  -  1  >  Rev  <  +  1.     (See  Magniis  and  Oberhettinger   [5].)     The  second 

Jvnnp  condition  requires  more  careful  treatment.      If  we  substitute  (2.20) 

into  Jiomp  condition  (ll)   and  use   (2.I6)  we  obtain 

.  00 
(2.25)        [u]    =     Lim  2«ikXe^   I        e~^^^^(k  /g^+y^ )    /         d| 


f  °° 
,    Xx  .     2n    (         -X|„(l)/,  I,  IX,, 
+  c^Xe     sm  J-  e     ^H^/'(kil|)d| 


■  2k  CO 

,    ^3       Xx  ,      4n    (        -X5„(l)/,  1.  I  s  ,.    ^        .    IJ2..  2     Xx 
+  c^ke  ^     e     sin  ^  I     e     ^H^/'(k|||)d6  +  c^i  Vk  +X     e 


Let  us  consider  the  expression 

00 


(2.26) 


J  =  Lim 


y->+°  J„     -        /jS -2 


The  integrand  in  (2.26)  tends  to  zero  with  y  except  in  the  neighborhood  of 
1=0.  Hence  the  only  possible  contribution  occurs  when  |  lies  in  an 
intervsJ.  0  to  e,  where  e  is  arbitrarily  small.  Since  we  assume  that  y  is 
already  small,  we  can  use  the  asymptotic  representations  for  the  exponential 


11 


and  Hankel  functions  appearing  in  the  integrand.  Hence 

e 
(2.27)      J  =  "§  Lim  f  -^   d|   . 

If  ve  nmke  the  substitution  \   =  yt,  the  above  integral  becomes 

oo 

o 

Substituting  this  result  into  (2.25)  ^uid  vising  the  notation  defined  in  (2.25), 
the  second  jump  condition  becomes 

i-2« 


(2.29)     +  2jtX  +  c^X  sin  ^   I^/^(k,X)  +  c^^ke  ^  sin  ^l2y^(k,X)+  c^i  /k^+X^  =  0 

By  substituting  (2.22)  into  (2.29)  ve  find  c^.  We  obtain 
»Hf  X 


(2.50)     c^^  =  -  ^  ^2« 

(X-  j/5  i  v'k^)I^y^-  v3  ke  5  i^^^ 

and 

XI, 


(2.51)      c^  »  +  2  /5  n 


^1/1. 


2  --  -  v^  "       _^at 

(X-  75  i  /k^+X^  )I^/^-  V5  ke  5  i^^^ 

The  value  of  c  is  the  amplitude  of  the  surface  wave  propagated  along  the 
wedge  surface. 

We  next  determine  the  values  of  c  and  c  for  small  and  large  values  of 
X/k.  When  x/k  is  small  it  is  easily  shown  that 

i" 

(2.52)    i£/3^^(i- V^  =1=^  ^ 
^/^   ^    ^5    y5k 


(2.55)     12/5^:^^(1-  i»/5)  =|e  ^ 
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and  the  approximate  expressions  for  c^  and  c^  become 


i2.3h) 


c,  » 


2n   X 


-5 


^   y5(l+^/5) 


(2.35)    S«-^—  (|)  • 

^  (i+y5)  ^ 

When  X/k  is  large  ve  find  that 

2   2  1/5  1 
(2.56)    I,/3«-i^(f)    -It^ 


(2.57) 


^2/5 


i^(§) 


,^/5  1 


T75 


and  the  approximate  expressions  for  c^  and  c^  become 

(2.58)  c  ;>.  f^  (b 

■^    V2 

(2.59)  c_  «  v3  «  e  ^  . 


It  is  of  interest  to  compare  the  amplitude  of  the  surface  wave  generated 
in  this  problem  vith  that  generated  by  a  line  source  located  at  the  tip  of  a 
right-angled  vedge  with  the  same  impedance  boundary  condition  prescribed  on 
both  surfaces.  The  latter  problem  has  previously  been  solved L^-'  and  the 
aniplitude  of  the  surface  wave  propagated  on  the  wedge  surface  x  =  0,  y  <  0  is 
given  by 


(2.^+0)   c  -  2  /3  n 


^1 

^h/5-  ^^     h/3 


i$ 


(i  /k^+X^  -  y/j  5.)l2/j+  /5  ke  h^^^  , 


(i  /k^+X^  -  X) 
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When  X/k  is  small  we  find  that 


(2Al)      c^^niC^) 


and  when  X/k  is  large 


r        +i^ 

at /5  It  _  12 


(2.^2)      c,  «  2L_^  =  L^  e 

5    (l-i)(l-  i-)    2 

Hence,  when  the  value  of  X/k  is  small,  the  ratio  of  the  ainplitude  of  the  surface 
wave  on  a  wedge  with  an  impedance  boundary  condition  on  one  surface  to  that 
on  both  surfaces  is  given  by  2/(1+  y'j)  or  0.752.  When  the  value  of  X/k  is 
large,  the  ratio  is  given  by  2e"  "'   .  In  the  limit  X/k  ->  oo  therefore,  the 
total  energy  that  goes  into  surface  waves  in  our  present  configuration  is 
twice  the  energy  so  utilized  when  both  faces  of  the  wedge  can  support  surface 
waves. 


Ik 


5.  Determination  of  the  radiated  far  field 

We  have  already  obtained  the  exact  solution  for  a  line  soiirce  located 
at  the  tip  of  a  right-angled  wedge  with  an  impedance  tjrpe  boundary  condition 
prescribed  on  one  surface.  The  exact  solution  a&  given  by  (2.l4),  however, 
is  complicated  and  it  is  desirable  to  find  a  siH5)le  expression  for  the 
radiated  far  field.  From  (2.6)  and  (2.10)  we  have 


^  =  3^  -  ^" 


(5.1) 
and 


(5-2)     V  =  c^H^-^^(kr)cos  0  +  c^H[y(k:r)cos  | 


When  kr  is  large  (5«2)  becomes 


(5.3) 


V  =  c    ^—, —  e 
o  '  rtkr 


cos  0  +  c,  J—. —  e  co&=-    • 

1  *nkr  5 


We  expect  the  far  field  of  the  z- component  of  the  magnetic  field  vector  to 
have  a  similar  form,  except  that  it  contains  surface  wave  terms  which  are 
appreciable  near  the  wedge  surface  x  =  0,  y  <  0.  Hence  for  a  fixed  6,  as 
r->  00  we  have 


(5.^) 


u  = 


m.  ei^  .  o(^) 


where  X  (®)  is  imknovm.  Now 


e  k  5«/2  , 


(5.5)    ^  =  cos  0  ^  -  -  sin  0  35  . 

If  we  substitute  (5.5),  (5.^)  and  (5.5)  into  (3«l)^  and  keep  terms  of  order 

-1/2  v+  A 

r  '  ,  we  obtain 


15  - 


•i^  -i^ 


"■TT  ^  -^12    0 

rr-   C  e      COS  ©  +  C^  6     COS  — 


■^^    «       12     0 
c  e    COB  9  +  c,e     cos  — 
o  15 


Hence  the  desired  radiated  far  field  is  given  by 

c  e    COB  ©  +  c 
(3.7)       .(r,9)  =  ^  e^-^-  — ,„,„3  ,  .  , .OCijyg) 

vhere  c  ,  c^  and  Cp  are  given  by  (2.l6),  (2. 50)  and  (2.51)^  respectively. 
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Attn:  Technical  Library 

Radiation  Engineering  Laboratoiry 
Main  Street 
Maynard,  Mass. 
Attn:  Dr.  John  Ruze 

Radiation,  Inc. 

P.  0.  Drawer  37 

Melbourne,  Florida 

Attn:  Technical  Library,  Mr.  M.L.  Cox 

Radio  Corp.  of  Ajnerica 

RCA  Laboratories 

Rocky  Point,  New  York 

Attn:  P.  3.  Carter,  Lab.  Library 

RCA  Laboratories 
David  Sarnoff  Research  Center 
Princeton,  New  Jersey 
Attn:  Miss  Fern  Cloak,  Librarian 
Research  Library 

Radio  Corporation  of  America 
Defense  Electronic  Products 
Building  10,  Floor  7 
Camden  2,  New  Jersey 
Attn:  Mr.  Harold  J.  Schrader 

Staff  Engineer,  Organization 

of  Chief  Technical 

Administrator 

The  Ramo-Wooldrldge  Corporation 
P.O.  Box  li?l:53  Airport  Station 
Los  Angeles  U5,  California 
Attn:  Margaret  C.  Whltnah, 
Chief  Librarian 

Hoover  Microwave  Co, 
9592  Baltimore  Avenue 
College  Park,  Hervland 


Ryan  Aeronautical  Company 
Lindbergh  Field 
San  Diego  12,  California 
Attn:  Librai^  -  unclassified 

Sage  Laboratories 
159  Linden  Street 
Wellesley  81,  Mass. 

Sanders  Associates 
95  Canal  Street 
Nashua,  New  Hampshire 
Attn:  N.  R.  Wild,  Library 

Sandia  Corporation,  Sandla  Base 

P.O.  Box  5^00,  Albuquerque,  New  Mexico 

Attn:  Classified  Document  Division 

Sperry  Gyroscope  Company 

Great  Neck,  Long  Island,  New  York 

Attn:  Florence  W,  Tumbull,  Engr.  Librarian 

Stanford  Research  Institute 

Menlo  Park,  California 

Attn:  Library,  Engineering  Division 

Sylvania  Electric  Products,  Inc. 
100  First  Avenue 
Walthan  51:,  Mass. 

Attn:  Charles  A.  Thornhill,  Report  Librarian 
Walthan  Laboratories  Library 

Systems  Laboratories  Corporation 
lilf^SZ  Ventura  Boulevard 
Sherman  Oaks,  California 
Attn:  Donald  L.  Margerum 

TRG,  Inc. 

17  Union  Square  West 

New  York  3,  N.  Y. 

Attn:  M.  L.  Henderson,  Librarian 

A.  S.  Thomas,  Inc. 

I6l  Devonshire  Street 

Boston  10,  Mass. 

Attn:     A.   S.   Thomas,    President 

Bell  Telephone  Laboratories 
Hurray  Hill 
New  Jersey 


Microwave  Radiation  Company  Inc. 

19223  South  Hamilton  Street 

Gardens,   California 

Attn:     Mr.  Morris  J.  Ehrllch,    President 

Chance  Vought  Aircraft,    Inc. 
9311:  West  Jefferson  Street 
Dallas,  Texas 
Attn:     Mr.   H.  S.  White,   Librarian 

Northrop  Aircraft,    Inc. 
Hawthorne,   California 

Attn:     Mr.  E.  A.  Freitas,   Library  Dept311i5 
1001  E.  Broadway 

Remington  Rand  0niv.   -  Division  of  Sperry 

Rand  Corporation 
1900  West  Allegheny  Avenue 
Philadelphia  29,    Pennsylvania 
Attn:     Mr.    John  F.  McCarthy 

R  and  D  Sales  and  Contracts 

North  American  Aviation,    Inc. 
1221J:  Lakewood  Boulevard 
Downey,   California 
Attn:     Engineering  Library  U9S-115 

North  AjTierlcan  Aviation,   Inc. 
Los  Angeles  International  Airport 
Los  Angeles  I:?,   California 
Attn:     EnftlneerlTig  Technical  File 

Page  Communications  Engineers,    Inc. 
710  Fourteenth  Street,   Northwest 
Washington  5,   D.  C. 
Attn:     Librarian 

Phllco  Corporation  Research  Division 

Branch  Library 

U700  Wissachickon  Avenue 

Philadelphia  lUi,   Pa. 

Attn:     Mrs.  Dorothy  S.  Collins 


Director,   USAF  Project  RAND 

Via;     Air  Force  Liaison  Office 

The  Rand  Corporation 

1700  Main  Street 

Santa  Monica,   California 

Rantec  Corporation 

Calabasas,   California 

Attn:     Grace  Keener,   Office  Manager 

Raytheon  Manufacturing  Company 
Missile  Systems  Division 
Bedford,    Mass. 
Attn:     Mr.   Irving  Goldstein 

Raytheon  Manufacturing  Company 
Wayland  Laboratory,    State  Road 
Wayland,   Mass. 
Attn:     Mr.   Robert  Boi^;s 

Raytheon  Manufacturing  Comoany 
Wayland  Laboratory 
Wayland,   Mass. 

Attn:     VAss  Alice  G,  Anderson, 
Librarian 

Republic  Aviation  Corporation 
Famiingdale,    Long   Island,    N.  Y. 
Attn:     Engineering  Library 

Thru:      Air  Force  Plant  Representative 
Republic  Aviation  Corp. 
Famiingdale,   Long  Island,  N.Y. 

Rheem  Manufacturing  Company 
9236  East  Hall  Hoad 
Downey,    California 
Attn:     J.  C.   Joerger 

Trans-Tech,    Inc. 
P.   0.  Box  31)6 
Frederick,   Maryland 


Chu  Associates 
P.  0.  Box  387 
Whitcomb  Avenue 
Littleton,  Mass. 

Microwave  Associates, 
Burlington,   Mass. 


Inc. 


Raytheon  Manufacturing  Conpanv 
Missile  Division 
Hartwell  Road 
Bedford,  Mass. 

Radio  Corporation  of  America 
Aviation  Systems  Laboratory 
225  Crescent  Street 
Waltham,  Mass. 

Lockheed  Aircraft  Corporation 
Missile  Systems  Division  Research  Library 
Box  50U,  Sunnyvale,  California 
Attn:  Miss  Eva  Lou  Robertson, 
Chief  Librarian 

The  Rand  Corporation 
1700  Main  Street 
Santa  Monica,  California 
Attn:  Dr.  W.  C.  Hoffman 

Commander 

AF  Office  of  Scientific  Research 

Air  Research  and  Development  Com-iand 

Ihth  Street  and  Constitution  Avenue 

Washington,   D.   C. 

Attn:     Mr.   Ottlng,    SRY 

Westinghouse  Electric  Corp. 
Electronics  Division 
Friendship  Int'l  Airport  Box  7lj6 
Baltimore  3,   Maryland 
Attn:     Engineering  Library 
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Wheeler  Laboratories,  Inc. 
122  Cutter  Mill  Road 
fjreat  Neck,  New  York 
Attn:  Mr.  Harold  A.  Wheeler 

Zenith  Plastics  Co. 
Box  91 

Oardena,  California 
Attn:  Mr.  S.  S.  Oleesky 

Library  Geophysical  Institute 
of  the  University  of  Alaska 
College 
Alaska 

University  of  California 

Berkeley  li,  California 

Attn:  Dr.  Samuel  Silver, 

Prof.  Engineering  Science 
Division  of  Elec.  Eng.  Electronics 
Research  Lab, 

University  of  California 
Electronics  Research  Lab. 
332  Cory  Hall 
Berkeley  h,   California 
Attn:  J.  R.  Whinnery 

California  Institute  of  Technology 
Jet  Propulsion  Laboratory 
liBOO  Oak  Grove  Drive 
Pasadena,  California 
Attn:  Mr.  I.  E.  Hewlan 

California  Institute  of  Technology 
1201  E.  Calif  omi  a  Street 
Pasadena,  California 
Attn:  Dr.  C.  Papas 

Carnegie  Institute  of  Technology, 
Schenley  Park 

Pittsburgh  13,  Pennsylvania 
Attn:  Prof.  A.  E.  Heins 

Cornell  University 

School  of  Electrical  Engineering 

Ithaca,  New  Tork 

Attn:  Prof.  G.  C.  Dalman 

University  of  Florida 

Department  of  Electrical  Engineering 

Gainesville,  Florida 

Attn:  Prof.  M.  H.  Latonr,  Library 

Lib^'ary 

Georgia  Institute  of  Technology 

Engineering  Experiment   Station 

Atlanta,   Georgia 

Attn:     Mrs.   J.H.  Crosland,    Librarian 

Harvard  University 

Technical  Reports  Collection 

Gordon  McKay  Library,   303A  Pierce  Hall 

Oxford  Street,   Cambridge  Jf^,   Mass. 

Attn:     Mrs.  E.L.   Hufschmidt,   Librarian 

Harvard  College  Observatory 
60  Garden  Street 
Cambridge  39,   Mass. 
Attn:     Dr.  Fred  L.  Whipple 

University  of  Illinois 
Documents  Division  Library 
Urbana,    Illinois 

University  of  Illinois 
College  of  Engineering 
Urbana,    Illinois 

Attn:     Dr.   P.  E.   Moyes,   Department  of 
Electrical  Engineering 

Ths. Johns  Hopkins  University 
Homewood  Campus 
Department  of  Physics 
Baltimore  16,   Maryland 
Attn:     Dr.   Donald  E.  Kerr 

Sandia  Corporation 
Attn:     Organization  ll»23 
Sandia  Base 
Albuquerque,   New  Mexico 


Applied  Physics  Laboratory 
The  Johfls Hopkins  University 
8621  Georgia  Avenue 
Silver  Spring,   Mainland 
Attn:     Mr.    George  L.  Seielstad 

Massachusetts  Institute  of  Technology 

Research  Laboratory  of  Electronics 

Room  20B-221 

Cambridge  39,  Massachusetts 

Attn:  John  H.  Hewitt 

Massachusetts  Institute  of  Technology 

Lincoln  Laboratory 

P.  0.  Box  73 

Lexington  73,  Mass. 

Attn:  Document  Room  A-229 

University  of  Michigan 
Electronic  Defense  Group 
Engineering  Research  Institute 
Ann  Arbor,  Michigan 
Attn:  J.  A,  Boyd,  Supervisor 

University  of  Michigan 
Engineering  Research  Institute 
Radiation  Laboratory 
Attn:  Prof.  K.  M.  Slegel 
912  N.  Main  St., 
Ann  Arbor,  Michigan 

University  of  Michigan 
Engineering  Research  Institute 
Willow  Run  Laboratories 
Willow  Run  Airport 
Tpsilanti,  Michigan 
Attn:  Librarian 

University  of  Minnesota 

Minneapolis  lU,  Minnesota 

Attn:  Mr.  Robert  H.  Stumra,  Library 

Northwestern  University 
Microwave  Laboratories 
Evanston,  Illinois 
Attn:  R.  E.  Bean 

Ohio  State  University  Research  Found. 
Ohio  State  University 
Columbus  10,  Ohio 
Attn:  Dr.  T.E.  Tice 

Dept.  of  Elec.  Engineering 

The  UnlTersity  of  Oklahoma 
Research  Institute 
Nonnan,  Oklahoma 

Attn:  Prof.  C.  L.  Farrar,  Chairman 
Electrical  Engineering 

Polytechnic  Institute  of  Brooklyn 

Microwave  Research  Institute 

55  Johnson  Street 

Brooklyn,  New  York 

Attn:  Dr.  Arthur  A.  Ollner 

Polytechnic  Institute  of  Brooklyn 
Microwave  Research  Institute 
55  Johnson  Street 
Brooklyn,  New  Tork 
Attn:  Mr.  A,  E.  Laemmel 

Syracuse  University  Research  Institute 
Collendale  Campus 
Syracuse  10,  New  Tork 
Attn:  Dr.  C.  S.  Grove,  Jr. 

Director  of  Engineering  Research 

The  University  of  Texas 
Elec.  Engineering  Research  Laboratory 
P.  0.  Box  8026,  University  Station 
Austin  12,  Texas 
Attn:  Mr.  John  R.  Gerhardt 
Assistant  Director 

The  University  of  Texas 

Defense  Research  Laboratory 

Austin,  Texas 

Attn:  Claude  W.  Horton,  Physics  Library 

University  of  Toronto 

Department  of  Electrical  Engineering 

Toronto,  Canada 

Attn:  Prof.  G.  Sinclair 


Lowell  Technological  Institute 
Research  Foundation 
P.  0.  Box  709,  Lowell,  Mass. 
Attn:  Dr.  Charles  R.  Mingins 

University  of  Washington 

Department  of  Electrical  Engineering 

Seattle  5,  Washington 

Attn:  G.  Held,  Associate  Professor 

Stanford  University 
Stanford,  California 
Attn:  Dr.  Chodorow 

Microwave  Laboratory 

Physical  Science  Laboratory 

New  Mexico  College  of  Agriculture 

and  Mechanic  Arts 

State  College,  New  Mexico 

Attn:  Mr.  H.  W.  Haas 

Brown  University 
Department  of  Electrical  Engineering 
Providence,  Rhode  Island 
Attn:  Dr.  C.  M.  Angulo 

Case  Institute  of  Technology 

Cleveland,  Ohio 

Attn:  Prof.  S.  Seeley 

Columbia  University 

Department  of  Electrical  Engineering 

Momingside  Heights 

New  York,  N.  Y. 

Htn:  Dr.  Schlesinger 

McGill  University 

Montreal,  Canada 

Attn:  Prof.  0.  A.  Woonton 

Director,  The  Eaton  Electronics 

Research  Lab. 

Purdue  University 

Department  of  Electrical  Engineering 

Lafayette,  Indiana 

Attn:  Dr.  Schulta 

The  Pennsylvania  State  University 
Department  of  Electrical  Engineering 
University  Park,  Pennsvlvania 

University  of  Pennsylvania 

Institute  of  Cooperative  Research 

3U00  Walnut  Street 

Philadelphia,  Pennsylvania 

Attn:  Dept.  of  Electrical  Engineering 

University  of  Tennessee 
Ferris  Hall 

W.  Cumberland  Avenue 

Knoxville  16,  Tennessee 

University  of  Wisconsin 
Department  of  Electrical  Engineering 
Madison,  Wisconsin 
Attn:  Dr.  Scheibe 

University  of  Seattle 

Department  of  Electrical  Engineering 

Seattle,  Washington 

Attn:  Dr.  D.  K.  Reynolds 

Wayne  University 

Detroit,  Michigan 

Attn;  Prof.  A.  F.  Stevenson 

Electronics  Research  Laboratory 
Illinois  Institute  of  Technology 
3300  So.  Federal  Street 
Chicago  16,  Illinois 
Attn:  Dr.  Lester  C.  Peach 
Research  Engineer 

Advisory  Group  on  Electronic  Parts 

Room  103 

Moore  School  Building 

200  South  33rd  Street 

Philadelphia  U,    Pennsylvania 
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Ionosphere  Research  Laboratory 

Pennsylvania  State  College 

State  College,  Pennsylvania 

ATTNi  Professor  A.  H.  Waynick,  Director 


Institute  of  Mathematical  Sciences 
25  Waverly  Place 
New  York  3,  New  York 
ATTN  I  Librarian 

Electronics  Division 
Rand  Corporation 
1700  Main  Street 
Santa  Monica,  California 
ATTN I  Dr.  Robert  Kalaba 

National  Biireau  of  Standards 

Washington,  D.  C. 

ATTN:  Dr.  W.  K.  Saunders 

Applied  Mathematics  and  Statistlrs  Lab. 

Stanford  University 

Stanford,  (illfomia 

ATTN;  Dr.  Albert  H.  Bowker 

Department  of  Physics  and  Astronomy 
Michigan  State  College 
East  Lansing,  Michigan 
ATTN:  Dr.  A.  Leitner 

Universltv  of  Tennessee 
Knoxville,  Tennessee 
ATTN:  Dr.  Fred  A.  Plcken 

Lebanon  Valley  College 
Annville,  Pennsylvania 
ATTN:  Professor  B.H.  Bisslnger 


(3) 


General  Atomic 

P.  0.  Box  608 

San  Die; 
«ttn:  1 


12,  California 
Edward  Oerjuoy 


Department  of  Physics 
Amherst  College 
Amherst,  Mass. 
ATTN:  Dr.  Arnold  Arons 

California  Institute  of  Technology 
1201  E.  California  Street 
Pasadena,  California 
ATTN:  Dr.  A.  Erdelyl 

Mathematics  Deportment 

Stanford  University 
Stanford,  California 
ATTN:  Dr.  Harold  Levlne 

University  of  Minnesota 

Minnpapolis  I'j,  Minnesota 

ATTN:  Professor  Paul  C.  Rosenbloom 

Department  of  Mathematics 

Stanford  University 

Stanford,  California 

ATTN:  Professor  Bernard  Epstein 

Applied  Physics  Laboratory 
The  Johre Hopkins  University 
8621  Georgia  Avenue 
Silver  Spring.  Maryland 
ATTN:  Dr.  B.  S.  Ck)urary 

(2)Exchange  and  Gift  Division 
The  Library  of  Congress 
Washington  25,  D.  C. 

Electrical  Engineering  Department 
Massachusetts  Institute  of  Technology 
Cambridge  39,  Mass. 
ATTN:  Dr.  L.  J.  Chu 

Nuclear  Development  Associates,  Inc. 

5  New  Street 

White  Plains,  New  York 

ATTN:  Library 

California  Institute  of  Technology 
Electrical  Engineering 
Pasadena,  California 
ATTN:  Dr.  Zohrab  A.  Kaprielian 


Dr.  Rodman  Doll 
311  W.  Cross  Street 
Tpsllantl,  Michigan 

California  Inst,  of  Technology 
Pasadena,  California 
ATTN:  Mr.  Calvin  Wilcox 

Mr.  Robert  Brockhurst 

Woods  Hole  Oceanographic  Institute 

Woods  Hole,  Mass, 

National  Bureau  of  Standards 
Boulder,  Colorado 
ATTN:  Dr.  R.  Gallet 

Dr.  Solomon  L.  Schwebel 

3689  Louis  Road 

Palo  Alto,  ©allfomla 

University  of  Minnesota 
The  University  of  Library 
Minneapolis  lii,  Minnesota 
ATTN:  Exchange  Division 

Department  of  Mathematics 
University  of  California 
Berkelev,  California 
ATTN:  Professor  Bernard  Friedman 

Lincoln  Laboratory 

Massachusetts  Institute  of  Technology 

P.  0.  Box  73 

Lexington  73,  Massachusetts 

ATTN:  Dr.  Shou  Chin  Wang,  Room  C-351 

Melpar,  Inc., 

3000  Arlington  Boulevard 

Falls  Church,  Virginia 

ATTN:  Mr.  K.  S.  Kelleher,  Section  Head 

Hq.  Air  Force  Cambridge  Research  Center 

Laurence  G.  Hanscom  Field 

Bedford,  Mass. 

ATTN:  Mr.  Francis  J.  Zucker,  CRRD 

Hq.  Air  Force  Cambridge  Research  Center 

Laurence  0.  Hanscom  Field 

Bedford,  Mass. 

ATTN:  Dr.  Philip  Newman,  CRRK 

Mr.  N.  C.  Gerson 

Trapelo  Road 

South  Lincoln,  Mass. 

Dr.  Richard  B.  Barrar 
Systems  Development  Corp. 
21:00  Colorado  Avenue 
Santa  Monica,  California 

Columbia  University  Hudson  Laboratories 
P.O.  Box  239 

11j5  Palisade  Street,  Dobbs  Ferry,  N.  Y. 
ATTN:  Dr.  N.  W.  Johnson 

Institute  of  Fluid  Dynamics 
and  Applied  Mathematics 
University  of  Maryland 
College  Park,  Maryland 
ATTN:  Dr.  Elliott  Montroll 

Department  of  Electrical  Engineering 

Washington  University 

Saint  Louis  5,  Mo. 

ATTN:  Professor  J.  Van  Bladel 

Department  of  the  Navy 

Office  of  Naval  Research  Branch  Office 

1030  E.  Green  Street 

Pasadena  1,  California 

Brandeis  University 
Waltham,  Mass. 
ATTN:  Library 

General  Electric  Company 
Mictowave  Laboratory 
Electronics  Division 
Stanford  Industrial  Park 
Palo  Alto,  California 
ATTN:  Library 


Smyth  Research  Associates 
3555  Aero  Court 
San  Diego  3,  California 
ATTN:  Dr.  John  B.  Smyth 

Electrical  Engineering 
California  Institute  of  Technology 
Pasadena,  California 
ATTN:  DrJlabrges  G,  Weill 

Naval  Research  Laboratory 

Washington  25,  D.  C. 

ATTN:  Henry  J.  Passerlnl,  Code  5278A 

Dr.  George  Kear 
5  Culver  Court 
Orlnda,  California 

Brooklyn  Polytechnic 

85  Livingston  Street 

Brooklyn,  New  York 

ATTN:  Dr.  Nathan  Harcuvitz 

Department  of  Electrical  Engineering 
Brooklyn  Polytechnic 
85  Livingston  Street 
Brooklyn,  New  York 
ATTN:  Dr.  Jerry  Shraoys 

Department  of  Mathematics 
Uruversity  of  New  Mexico 
Albuquerque,  New  Mexico 
ATTN:  Dr.  I.  Kolodner 

Mathematics  Department 
Polytechnic  Institute  of  Brooklyn 
Johnson  and  Jay  Street 
Brooklyn,  New  York 
ATTN:  Dr.  Harry  Hochstadt 

Ballistics  Research  Laboratory 
Aberdeen  Proving  Grounds 
Aberdeen,  Maryland 
ATTN:  Dr.  Pullen  Keats 

Dr.  Lester  Kraus 
1:935  Whitehaven  Way 
San  Diego,  California 

University  of  Minnesota 
Institute  of  Technology 
Minneapolis,  Minnesota 
Attn:  Dean  Athelston  Spllhaus 

Ohio  State  University 
Columbus,  Ohio 
Attn:  Prof.  C.  T,  Tal 
Department  of  Electrical  Eng. 

Naval  Research  Laboratories 

Washington  25,  D.  C. 

Attn:  W.  S.  Ament,  Code  5271 

Naval  Research  Laboratory 
Washington  25.  D.  C. 
Attn:  Dr.  Leslie  G.  McCracken,  Jr. 
Code  3933A 

Office  of  Naval  Research 
Department  of  the  Navy 
Attn;  Geophysics  Branch,  Code  1:16 
Washington  25,  D.  C. 

Office  of  Chief  Signal  Officer 
Signal  Plans  and  Operations  Division 
Attn;  SIGOL-2,  Room  20 
Com.  Liaison  Br.,  Radio  Prop.  Sect. 
The  Pentagon,  Washington  25,  D.  C. 

Defence  Research  Member 
Canadian  Joint  Staff 
2001  Connecticut  Street 
Washington,  D.  C. 

Central  Radio  Prop.  Lab. 
National  Bureau  of  Standards 
Attn:  Technical  Reports  Library 
Boulder,  Colorado 

U.  S.  Weather  Bureau 
U.  S.  Department  of  Commerce 
Washlnpton  25,  D.  C. 
Attn:  Dr.  Harry  Wexler 
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Federal  Cominunlcations  Commisalon 

Waahlnrton  25,    D.  C. 

Attni     Mrs.   Barbara  C,   Grlmea,   Librarian 

Upper  Atmosphere  Research  Section 
Central  Radio  Propagation  Laboratory 
National  Bureau  of  Standards 
Boulder,   Colorado 

Argonne  National  Laboratory 

P.O.  Box  299 

Lemont ,    Illinois 

Attn:     Dr.   Hoylande  D.  Young 

Bell  Telephone  Labs. 

Murray  Hill,    New  Jersey 

Attn!     Dr.  S.  0.  Rice,   3B  -  203 

Carnegie  Institute  of  Washington 
Dept.  of  Terrestrial  Kagnetlsra 
S2lil  Broad  Branch  Road,   N.  W. 
Washington  15,   D.  C. 
Attn!     Library 

Georgia  Tech  Research  Institute 
22?  N.  Avenue,   N.  W. 
Attn:     Dr.   James  E.  Boyd 
Atlanta,   Georgia 

Dniverslty  of  Maryland 
College  Park,   Maryland 
Attn:     Dr.  A.  Weinstein 
Institute  of  Fluid  Dynamics 

Massachusetts   Institute  of  Technology 

Lincoln  Laboratory 

P.  0.  Box  73 

Lexington  73,  Massachusetts 

Attn:  Prof.  Radford,  Division  3  Head 

Willow  Run  Research  Center 
tJnlversitv  of  Michigan 
Willow  Run  Airport 
Tpsilanti,  Michigan 
Attn:  Dr.  C.  L.  Dolph 

School  of  Engineering 
New  York  University 
University  Heights 
New  York,  New  York 

Shell  Fellowship  Committee  of  the 
Shell  Companies  Foundation,  Inc. 
50  West  50th  Street 
New  York  20,  N.  Y. 
Attn:  Mr.  J.  R.  Janssen 

Esso  Research  and  Engineering  Co, 

P.  0.  Box  51 

Linden,    New  Jersey 

Attni     Mr.  C.  L.   Brown,   Manager 

Union  Carbide  and  Carbon  Corp. 
30  E.  Ii2nd  Street 
New  York  17,   New  York 
Attn:     Mr.  L.   E.  Erlandson 

Convair 

San  Diego  12,   California 

Attn:     Mr.  MarVln  Stem 

Bell  Telephone  Labs.,    Inc. 
I463  West  Street 
New  York  13,    N.  Y. 
Attni     Dr.  Hervln  J.   Kelly 

Engineering  Library 
University  of  California 
Ii05  Hilgard  Avenue 
Los  Angeles  2U,   California 

Convair,   A  Division  of  General  Dynamics  Corp. 

Dalngerfleld,    Texas 

Attn:     J.   E,   Arnold,    Division  Manager 

Convair,    A  Division  of  General  Dynamics  Corp. 

San  Diego  12,   California 

Attn:     R.   L.  Bayless,    Chief  Engineer 

Convair,    a  Division  of  General  Dynamics  Corp. 
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